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Introduction {#s1}
============

Enterovirus 71 (EV71), a member of the family *Picornaviridae*, is a non-enveloped RNA virus [@pone.0113234-Racaniello1]. Since its identification in 1969 [@pone.0113234-Schmidt1], episodes of EV71 outbreak occurred periodically throughout the world [@pone.0113234-Ho1]--[@pone.0113234-McMinn1]. Clinical manifestation of EV71 infection includes febrile illness, acute respiratory disease, hand-foot-and-mouth disease, herpangia, myocarditis, aseptic meningitis, acute flaccid paralysis, brainstem and/or cerebellar encephalitis, Guillain-Barre syndrome, or combinations of these clinical features [@pone.0113234-Ishimaru1], [@pone.0113234-Lin1]. Though hand-foot-and-mouth disease is a benign disease, the neurologic and systemic complications are more severe [@pone.0113234-Ooi1]. Children aged below 5 years are susceptible to development of permanent neurologic sequelae, or even succumb to such complications [@pone.0113234-Huang1]. To date, the largest epidemic of EV71 occurred in China in 2008 and 2009. Nearly 490000 cases, of which 126 deaths occurred, were reported; over a million cases of hand-foot-and-mouth disease were reported in 2009 [@pone.0113234-Yang1], [@pone.0113234-Yang2]. EV71 infection recurs every 2 or 3 years in Asia-Pacific region.

It is evident that redox environment is a factor affecting host-microbe interactions. The susceptibility of host cells to HIV, coxsackievirus and influenza virus is affected by redox microenvironment [@pone.0113234-Beck1]--[@pone.0113234-Aquaro1]. We have recently found that increased oxidative stress in host cells enhances EV71 infection [@pone.0113234-Ho2]. It is intriguing that viral infection can itself induce oxidative stress in host cells. Increased superoxide production has been observed in pneumonia caused by influenza A virus [@pone.0113234-Oda1]. Herpes simplex virus (HSV) infection of microglia cells elicits oxidative stress, which probably causes the neurotoxicity [@pone.0113234-Schachtele1]. Rhinovirus and respiratory syncytial virus induce ROS production in fibroblasts and epithelial cells [@pone.0113234-Kaul1], [@pone.0113234-Mochizuki1]. We have recently found that EV71 infection can lead to increased reactive oxygen species (ROS) generation [@pone.0113234-Ho2]. However, the mechanism for ROS production in EV71-infected cells remains elusive.

Mitochondria are important organelle for cellular energy metabolism, and have been recently implicated in responses of host cell to viral infection. They lie at the crossroad of metabolism, redox homeostasis, apoptosis, and innate immune signaling, and probably form a multi-functional signaling platform termed mitoxosome [@pone.0113234-Tal1]. Mitochondria-associated adaptors such as MAVS are involved in modulation of innate immunity [@pone.0113234-Ohta1]. Additionally, intermembrane space proteins, such as cytochrome c and Smac/DIABLO, and outer mitochondrial membrane proteins, such as Bcl-2, are involved in initiation and regulation of apoptosis [@pone.0113234-Kuwana1], [@pone.0113234-Brunelle1]. Viral infection is associated with changes in mitochondrial functions. Hepatitis C virus (HCV)-infected cells have impaired oxidative phosphorylation and increased ROS generation [@pone.0113234-Piccoli1], [@pone.0113234-Wang1]. Expression of HCV protein represses mitochondrial membrane potential and mitochondrial coupling efficiency, and leads to increased ROS production [@pone.0113234-Piccoli2]. Likewise, expression of human immunodeficiency virus (HIV) Tat protein, hepatitis B virus X protein, severe acute respiratory syndrome (SARS) coronavirus non-structural protein 10 results in mitochondrial depolarization [@pone.0113234-Lecoeur1]--[@pone.0113234-Li1]. These proteins are known to induce oxidative stress [@pone.0113234-Li1]--[@pone.0113234-Waris1]. It is currently unknown whether EV71-induced oxidative stress is associated with mitochondrial dysfunction.

In the present study, we investigated the mechanistic aspect of ROS generation induced by EV71 infection. We examined the changes in mitochondria in EV71-infected cells. Our findings show that EV71 infection induces mitochondrial dysfunction and anomalous changes in their morphology and subcellular distribution. These mitochondria represent the sites of ROS generation. Such changes are associated with altered cellular energy metabolism. Mitochondrial ROS are essential to viral replication process. The increase in mitochondrial mass in infected cells may compensate for energy deficit caused by abnormal mitochondria.

Materials and Methods {#s2}
=====================

Cell culture and virological techniques {#s2a}
---------------------------------------

SF268 glioblastoma cells (National Cancer Institute Center for Cancer Research ID: 59) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 2 mM non-essential amino acids, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 µg/ml amphotericin at 37°C in a humidified atmosphere of 5% CO~2~ [@pone.0113234-Rutka1], [@pone.0113234-Kornblith1]. EV71 (BrCr strain; ATCC VR784) was propagated in Vero cells as described previously [@pone.0113234-Ho2]. Vero cells (ATCC CCL-81) were cultured in modified Eagle's medium (MEM) supplemented with 10% FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.25 µg/ml amphotericin in an atmosphere of 5% CO~2~ at 37°C. Quantitative PCR analysis of the copy number of EV71 genomic DNA was performed as described previously [@pone.0113234-Ho2].

Detection of ROS and ΔΨ~m~ by confocal microscopy {#s2b}
-------------------------------------------------

Visualization of ROS generation was performed by confocal microscopy as described previously [@pone.0113234-Ho3]. The fluorescence of dichlorofluorescein (DCF) is derived from oxidation of its fluorogenic precursor [@pone.0113234-Ho3]. In brief, cells were grown in glass-bottomed culture dish, and infected with virus at m.o.i. of 1.25. The infected cells were stained with 100 nM MitoTracker Red and 5 µM H~2~DCFDA for 20 min at 37°C. and counterstained with with 5 µg/ml of Hoechst 33342. The specimens were examined with Zeiss LSM 510 Meta system (Carl Zeiss MicroImaging GmbH, Heidelberg, Germany). Confocal fluorescence images of labeled cells were acquired using Plan-Apochromat 100×1.40 NA oil immersion objective. To scan for DCF signal, we used the 488 nm excitation line of argon laser, beam splitter (HFT 405/488/561/633/KP720), and an emission window set at 505--550 nm. To scan for MitoTracker Red signal, we used the 561 nm excitation line of DPSS laser and an emission window set at 575--615 nm. For scanning of Hoechst dye, we used 405 nm excitation line of diode laser and an emission an emission window set at 420--480 nm. To scan for Hoechst dye signal, we used the 405 nm excitation line of diode laser and an emission an emission window set at 420--480 nm. We analyzed all images using Zeiss Zen software package (Carl Zeiss MicroImaging GmbH, Heidelberg, Germany).

Confocal microscopic analysis of ΔΨ~m~ was performed as described previously [@pone.0113234-Ho4]. The mitochondrial membrane potential was determined using the cationic, lipophilic dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenz- imidazolocarbocyanine iodide) (Invitrogen, CA, USA). JC-1 monomers emit at 527 nm, and J-aggregates emit at 590 nm. Infected cells were loaded with 0.5 µM of JC-1 in culture medium at 37°C for 60 min, and counterstained with 5 µg/ml of Hoechst 33342 prior to examination with Leica TCS SP2 MP system (Leica Microsystems, Mannheim, Germany). Confocal fluorescence images of JC-1 labeled cells were obtained using HCX PL-APO CS 100×1.40 NA oil immersion objective. To scan for signal of JC-1 monomeric form, we used the 488 nm excitation line of argon laser, triple-dichroic beam splitter (TD 488/543/633) and an emission window set at 500--540 nm. To scan for signal of JC-1 aggregated form, we used the 543 nm excitation line of He-Ne laser, triple-dichroic beam splitter (TD 488/543/633) and an emission window set at 580--620 nm. To scan for Hoechst dye signal, we employed a fiber coupling system equipped with a Ti:Sapphire laser (model Millenia/Tsunami; Spectra-Physics; Mountain View, CA, USA), and selected the wavelength of 800 nm for illumination. Image analysis was performed with Leica LCS software packages.

Cytometric analysis of ROS, mitochondrial mass, and ΔΨ~m~ {#s2c}
---------------------------------------------------------

ROS formation was analyzed quantitatively by cytometric analysis. In brief, infected cells were loaded with 2 µM MitoSOX red or 5 µM H~2~DCFDA for 20 min at 37°C, washed twice with PBS, and trypsinized for flow cytometric analysis as previously described [@pone.0113234-Cheng1]. The mean fluorescence intensity (MFI) of the fluorescence of oxidized MitoSOX red or MFI of DCF fluorescence was quantified using CellQuest Pro software (Becton Dickinson, CA, USA). Likewise, for determination of mitochondrial mass, cells were stained with 100 nM Mitotracker Red 580FM (Invitrogen, CA, USA), and analyzed according to manufacturer's instruction. MFI was quantified using CellQuest Pro software. For analysis of ΔΨ~m~, infected cells were loaded with 0.5 µM JC-1 as described above. The cell monolayer was washed three times with PBS, and trypsinized for cytometric analysis. Cells were analyzed for JC-1 monomer fluorescence (FL1 channel) and J-aggregate fluorescence (FL2 channel) with CELLQuest software. The ratio of the mean fluorescence intensity of FL2 channel to that of FL1 channel was calculated.

Measurement of oxygen consumption {#s2d}
---------------------------------

SF268 cells were infected with EV71 at m.o.i. of 1.25 for indicated times, washed twice with PBS, and trypsinized. The cells were pelleted, and then resuspended in respiration buffer (20 mM NaKPO4 (pH 7.2), 65 mM KCl, 125 mM sucrose, 2 mM MgCl~2~). The cell suspension was transferred to the respiratory chamber of Mitocell equipped with Clark-type electrode, which was connected to Strathkelvin 928 6-Channel Oxygen System (Strathkelvin Instruments, Glasgow, UK). Oxygen consumption rate was monitored. In some experiments, oligomycin was added to cell suspension at 2 µg/ml. Data are expressed as µg O~2~ per 5×10^5^ cells per min. For data normalization with respect to mitochondrial mass, the oxygen consumption rate was normalized to mitochondrial mass determined by Mitotracker Red 580FM Staining as described above. Data are expressed as µg O~2~ per mitochondrial mass unit (MMU) per min. A similar approach for determination of oxygen consumption rate per unit of mitochondrial mass was previously described [@pone.0113234-Moran1].

Isolation of mitochondria and measurement of respiratory control ratio (RCR) {#s2e}
----------------------------------------------------------------------------

Cells were infected with EV71 at m.o.i. of 1.25, washed twice with PBS, and scrapped in ice-cold SHE buffer (0.25 M sucrose, 1 mM EGTA, 3 mM HEPES). The cells were homogenized. The homogenate was centrifuged at 1000×g at 4°C for 10 min, and subsequently centrifuged at 10000×g at 4°C for 10 min. Finally, the mitochondrial pellet was suspended in a suitable volume of SHE buffer.

For measurement of oxygen consumption of mitochondrial preparation, 0.5 mg of mitochondria was added to 300 µl of assay buffer (20 mM K~2~HPO~4~/KH~2~PO~4~ (pH 7.2), 125 mM sucrose, 65 mM KCl, 2 mM MgCl~2~), and transferred to the Mitocell chamber equipped with Clark-type electrode. Malate and glutamate were added to chamber at the final concentration of 5 mM. ADP was added at a concentration of 0.5 mM to stimulate oxygen consumption. The respiratory control ratio (RCR) is defined as rate of ADP-stimulated state 3 oxygen consumption divided by the rate of oxygen consumption (State 4~o~) determined in the presence of 2 µg/ml oligomycin [@pone.0113234-Kristian1]. The state 4o is a specific indicator of mitochondrial proton movement being limited by leakiness of inner mitochondrial membrane to proton. RCR was calculated as state 3 oxygen consumption rate divided by that of state 4~o~.

Transmission electron microscopy {#s2f}
--------------------------------

The transmission electron microscopy was performed as previously described with slight modifications [@pone.0113234-Schrand1]. Briefly stated, the infected cells were washed three times with PBS; trypsinized; placed in a BEEM capsule; and centrifuged to form a pellet with a size of 0.5--1 mm^3^. The pellet was fixed with fresh 2.5% glutaraldehyde/PBS at 4°C for 2 hr. After fixation, it was rinsed with PBS thrice for 10 min each. One ml of 1% OsO~4~ was added to the cell pellet for 1 hr. The pellet was washed with PBS thrice for 10 min each, and then with 50% ethanol thrice for 10 min each. The specimen was then stained *en bloc* with 0.5% uranyl acetate/50% ethanol at 4°C overnight. It was dehydrated in ethanol with graded concentrations (70%, 80%, 90%, 95%, 100%, 100%, 100%, 100%) for 15 min each. The specimen was successively infiltrated with ethanol/Spurr's resin (50%∶50%), ethanol/Spurr's resin (25%∶75%), and pure Spurr's resin overnight for each treatment. It was then heated at 70°C for 72 hr. Thin sections with thickness of 70 nm were obtained with the use of ultramicrotome, and picked on TEM grids. Sections were stained with 2% uranyl acetate for 30 min, followed by 6 min staining with 0.4% lead citrate. The sections were rinsed with water, blotted dry, and examined on a JEOL JEM-1230 electron microscope.

Determination of adenine nucleotides {#s2g}
------------------------------------

Levels of ATP, ADP and AMP were determined using UPLC under conditions as previously described for measurement of nicotinamide nucleotides [@pone.0113234-Cheng2].

Western blotting and silver staining {#s2h}
------------------------------------

SDS-PAGE and western blotting were performed as previously described [@pone.0113234-Lin2]. The chemiluminescent signal was detected with X-ray film (Fujifilm, Japan). The silver staining was performed as previously described [@pone.0113234-Shevchenko1].

Results {#s3}
=======

EV71 induces mitochondrial ROS generation {#s3a}
-----------------------------------------

Infection of neural SF268 cells with EV71 induces oxidative stress in time-dependent manner. The levels of ROS, as indicated by DCF fluorescence, in cells infected at multiplicity of infection (m.o.i.) of 2 were 3- and 6-fold that of uninfected control at 48 and 72 hr respectively ([Figure 1](#pone-0113234-g001){ref-type="fig"}). As mitochondria are major sites of ROS generation, we test if EV71 induces ROS generation in mitochondria. The EV71 infected-SF268 cells were stained at 54 hr post-infection (p.i.) with Mitotracker Red and H~2~DCFDA, and examined under confocal microscope. As expected, the DCF fluorescence increased in EV71-infected cell but not in the uninfected cells ([Figures 2A & B](#pone-0113234-g002){ref-type="fig"}). More important, the sites of ROS production coincided with mitochondria in EV71-infected cells ([Figure 2B](#pone-0113234-g002){ref-type="fig"}). It was consistent with staining of the infected cells with MitoSOX Red, a mitochondrion-specific probe for ROS ([Figure 2C](#pone-0113234-g002){ref-type="fig"}). The infected cells showed 3-fold increase in mitochondrial ROS generation. At infection time greater than 60 hr, the infected cells exhibited a great loss of viability. To study the host cell responses to viral infection, we focused on analyses of cells at early or mid-phase of infection in subsequent studies.

![EV71 infection induces ROS in neural cells in a time-dependent manner.\
SF268 cells were infected with EV71 at m.o.i. of 1.25, 1.5 and 2 for 0, 12, 24, 36, 48, 60 and 72 hr, and were subject to H~2~DCFDA staining and flow cytometric analysis. (A) Representative histograms of cell counts (*counts*) vs. DCF fluorescence (*FL1-H*) for cells infected at an m.o.i. of 1.25 at indicated times are shown. (B) The mean fluorescence intensity (MFI) of DCF of infected cells is expressed as fold change relative to that of uninfected cells. The results are presented as mean±SD of three separate experiments.](pone.0113234.g001){#pone-0113234-g001}

![EV71 infection causes mitochondrial ROS production.\
(A) SF268 cells were mock- (A) or infected with (B) EV71 at an m.o.i. of 1.25 for 54 hr, and were subject to H~2~DCFDA and Mitotracker Red staining and confocal microscopic examination. The MitoSOX-stained mitochondria (a), DCF-stained ROS generation sites (b), and Hoechst 33342-stained nuclei (c) are shown. The corresponding images are overlaid (d). The photographs shown here are representative of three experiments. Scale bar, 20 µm. (C) SF268 cells were mock- or infected with EV71 at an m.o.i. of 1.25 for 48 hr, and were subject to MitoSOX Red staining and flow cytometric analysis. (a) Representative histograms of cell counts (*counts*) vs. MitoSOX fluorescence (*FL2-H*) for un- (*left panel*) and infected cells (*right panel*) are shown. (b) The mean fluorescence intensity (MFI) of MitoSOX of mock- (−) and infected (+) cells is expressed as the percentage of that of uninfected cells. The results are presented as mean±SD, n = 3. \*p\<0.05 vs. uninfected cells.](pone.0113234.g002){#pone-0113234-g002}

The mitochondrial production of ROS is validated by pharmacological approach. Treatment of EV71-infected cells with complex I inhibitor rotenone and complex III inhibitor antimycin A significantly inhibited ROS generation ([Figure 3](#pone-0113234-g003){ref-type="fig"}). Unlike respiratory complex inhibitors, treatment of cells with apocyanin, a NADPH oxidase (NOX) inhibitor, did not affect EV71-induced ROS generation. These findings suggest that NOX is not involved in ROS generation in infected SF268 cells, and that ROS is generated at a site of mitochondrial electron transport chain distal to complex III.

![Mitochondrial electron transport-dependent ROS generation.\
SF268 cells were mock- or infected with EV71 at an m.o.i. of 1.25, and treated without or with apocyanin, rotenone or antimycin A. Forty-eight hours later, cells were stained with H~2~DCFDA and analyzed by flow cytometry. The MFI of DCF of infected cells is expressed as the percentage of that of uninfected cells. The results are presented as mean±SD, n = 3. \*p\<0.05 vs. untreated, uninfected cells; ^\#^p\<0.05, drug-treated vs. untreated cells.](pone.0113234.g003){#pone-0113234-g003}

ROS production is associated with mitochondrial morphological anomalies {#s3b}
-----------------------------------------------------------------------

Increased ROS production is suggestive of mitochondrial anomalies. To test such possibility, we examined the subcellular structure of infected SF268 cells using electron microscope. Forty-eight hour after infection, numerous SF268 cells were rounded. A number of membrane bound vesicle appeared in cytoplasm ([Figures 4B & F](#pone-0113234-g004){ref-type="fig"}). In some cells, replication sites of EV71 developed from rough endoplasmic reticulum, and were characterized by the presence of ribosomes at its periphery and accumulation of mitochondria in its proximity ([Figure 4D](#pone-0113234-g004){ref-type="fig"}). Smooth membrane bound vesicles were also observed. The replication sites and the virus-induced membrane vesicles were absent from the uninfected cells. A significant percentage of atypical mitochondria were observed. They were more electron-dense in infected cells as compared with control cells ([Figure 4C & D](#pone-0113234-g004){ref-type="fig"}). The crista arrangement in mitochondria of the infected cells became largely distorted ([Figure 4D](#pone-0113234-g004){ref-type="fig"}). The cristae were swollen and appeared as "holes" in electron micrograph. In some mitochondria, the crista structure was lost. The outer membrane was no longer closely apposed to the inner membrane, and the intermembrane space was enlarged ([Figure 4E](#pone-0113234-g004){ref-type="fig"}). Inner membrane was less conspicuous and even discontinuous in some mitochondria. These findings suggest that EV71 induces morphological anomalies in mitochondria.

![EV71 infection results in morphological changes in mitochondria.\
SF268 cells were mock- (A & C) or infected with (B, D--G) EV71 at an m.o.i. of 1.25 for 48 hr, and processed for electron microscopic examination. The mock-infected cells had typical nucleus (N) and mitochondria (M). In EV71-infected cells, a number of mitochondria underwent changes in morphology, characterized by deranged cristae (D & E). The developing viral replication site (RS) was lined with ribosomes and was in proximity to mitochondria (D). Numerous single or double membrane-bound vesicles (MV) developed in EV71-infected cells, and some contained virus particles (VP). For A & B, bar represents 5 µm; for F, bar represents 1 µm; for C, D, E & G, bar represents 0.2 µm.](pone.0113234.g004){#pone-0113234-g004}

EV71 causes decline in mitochondrial electrochemical potential ΔΨ~m~ {#s3c}
--------------------------------------------------------------------

It is plausible that EV71 induces mitochondrial dysfunction in EV71-infected cells. A functional parameter of mitochondria is electrochemical potential ΔΨ~m~. We studied ΔΨ~m~ in infected cells using JC-1 staining. Mitochondria are heterogeneous in morphology, ranging from round, ovoid structure to long, interconnected structure. In uninfected cells, most mitochondria appeared red and represent energized mitochondria ([Figure 5A](#pone-0113234-g005){ref-type="fig"}). A large percentage of the energized mitochondria were elongated tubular or oblong structure. They formed a network distributed more evenly throughout cytoplasm. Upon infection, there were changes in mitochondria. Most mitochondria showed green fluorescence, and were depolarized or de-energized ([Figure 5B](#pone-0113234-g005){ref-type="fig"}). They appeared to cluster in the perinuclear region ([Figures 2B](#pone-0113234-g002){ref-type="fig"} & [5B](#pone-0113234-g005){ref-type="fig"}). Some of mitochondria were swollen, and a majority of the remainder took a short ovoid form. Additionally, we applied a flow cytometric analysis to quantify ΔΨ~m~ in infected cells. Infection of cells with EV71 causes about 10 and 40% reduction in ΔΨ~m~ at 24 and 48 hr p.i., respectively. These findings suggest that EV71 infection induces significant drop in electrochemical potential.

![EV71 infection causes decline in ΔΨ~m~.\
SF268 cells were mock- (A) or infected with (B) EV71 at an m.o.i. of 1.25 for 48 hr. Cell were stained with JC-1 and Hoechst 33342 dyes, and examined by confocal microscopy. Intracellular distribution of JC-1 J-aggregate (a) and monomer (b) is indicative of ΔΨ~m~ in cells. Nuclei of these cells are shown (c). The corresponding images are overlaid (d). The photographs shown here are representative of three experiments. Scale bar, 20 µm. (C) SF268 cells were mock- or infected with EV71 at an m.o.i. of 1.25 for indicated times, and were subject to JC-1 staining and flow cytometric analysis. The ratio of MRI of FL2 channel to that of FL1 channel (FL2/FL1) was calculated, and is expressed relative to that of uninfected cells. Results are mean ± SD, n = 3. \*p\<0.05 vs. uninfected cells.](pone.0113234.g005){#pone-0113234-g005}

EV71-induced ROS generation and reduction in ΔΨ~m~ are associated with defective electron transport {#s3d}
---------------------------------------------------------------------------------------------------

It is likely that increase in ROS generation and reduction in ΔΨ~m~ are causally related to anomalous electron transport. Amperometric method was applied to measure the oxygen consumption rate, which reflects the function of electron transport chain. As shown in [Figure 6A](#pone-0113234-g006){ref-type="fig"}, the oxygen consumption rate of SF268 cells increased after EV71 infection. The rate (normalized to cell number) was elevated about 2.3-fold at 48 hr p.i. However, the oligomycin-insensitive oxygen consumption (i.e. oxygen consumption in the presence of oligomycin), which represents that unrelated to ATP synthesis, accounted for a large percentage of oxygen consumption in infected cells. Oligomycin-insensitive oxygen consumption rate was about 38% of total oxygen consumption in control cells, while it increased about 3.3-fold and was up to 70% of total oxygen consumption in infected cells ([Figure 6B](#pone-0113234-g006){ref-type="fig"}). Oligomycin-sensitive oxygen consumption rates (i.e. difference in rates of oxygen consumption measured in the absence and presence of oligomycin, which represents oxygen used for oxidative phosphorylation) of control and infected cells were not significantly different ([Figure 6C](#pone-0113234-g006){ref-type="fig"}). A different picture emerged when the oxygen consumption rates were normalized to the relative mitochondrial mass of control and infected cells ([Figure 6D--F](#pone-0113234-g006){ref-type="fig"}). The oligomycin-sensitive oxygen consumption rate of infected cells was 42% lower than that of control cells ([Figure 6F](#pone-0113234-g006){ref-type="fig"}). Furthermore, we measured state 3 and 4~o~ respiration of isolated mitochondria from control and EV71-infected cells ([Figure 6G--I](#pone-0113234-g006){ref-type="fig"}), and calculated the respective respiratory control ratio (RCR), which is considered an index of electron transport coupling. As shown in [Figure 6I](#pone-0113234-g006){ref-type="fig"}, it was 44% lower for mitochondria from infected cells than for those from control cells.

![EV71 infection-induced oxygen consumption is associated with a reduction in respiratory efficiency.\
(A) SF268 cells were mock- or infected with EV71 at an m.o.i. of 1.25 for indicated times. Oxygen concentration was assayed with Clark oxygen electrode, and oxygen consumption rate (10^−2^ µg O~2~/5×10^5^ cells/min) was calculated accordingly. Results are mean ± SD, n = 6. \*p\<0.05 vs. uninfected cells. (B) SF268 cells were mock- or infected with EV71 at an m.o.i. of 1.25, and were treated without or with oligomycin. Oxygen concentration was assayed with Clark oxygen electrode, and oxygen consumption rate (10^−2^ µg O~2~/5×10^5^ cells/min) was calculated. Results are mean ± SD, n = 6. \*p\<0.05 vs. uninfected cells; ^\#^p\<0.05, oligomycin-treated vs. untreated cells. (C) Oligomycin-sensitive oxygen consumption rate was calculated as the difference in the absence and presence of oligomycin. (D & E) The oxygen consumption was measured as described in (A) and (B). Data were normalized to the relative mitochondrial mass unit (MMU) of control and infected cells. Results are mean ± SD, n = 6. \*p\<0.05 vs. uninfected cells. (F) Oligomycin-sensitive oxygen consumption rate was calculated as described in (C), and normalized to the relative mitochondrial mass unit (MMU) of control and infected cells. (G--I) SF268 cells were mock- (−) or infected (+) with EV71 at an m.o.i. of 1.25 for 48 hr, and mitochondria were isolated and assayed for oxygen consumption rates (10^−1^ µg O~2~/mg mitochondrial protein/min) during state 3 (G) and 4~o~ (H) respiration as described in *Materials and Methods*. RCRs were calculated accordingly, and are shown (I). Results are mean ± SD, n = 6. \*p\<0.05 vs. uninfected cells.](pone.0113234.g006){#pone-0113234-g006}

EV71 infection causes an increase in mitochondrial mass and alteration in protein expression {#s3e}
--------------------------------------------------------------------------------------------

There appears to be a discrepancy between oxygen consumption rates normalized to cell number and mitochondrial mass. It is possible that EV71-infected cells have a compensatory increase in mitochondrial mass. To test such possibility, we stained control and infected cells with mitochondrion-specific dye, and analyzed them cytometrically for quantification of mitochondrial mass. As shown in [Figure 7A](#pone-0113234-g007){ref-type="fig"}, mitochondrial mass of EV71-infected cells at 48 hr p.i. was about 50% higher than that of control. It was accompanied by an increased expression of mitochondrial proteins. [Figure 7B](#pone-0113234-g007){ref-type="fig"} shows the silver-stained SDS-PAGE of mitochondrial preparations from control and infected cells. Intensities of a number of bands increased in infected cells, which is probably indicative of enhanced expression of mitochondrial proteins. Additionally, some proteins were differentially expressed in control and infected cells. Furthermore, we determined the expression of specific mitochondrial proteins using immunoblotting. Expression of such mitochondrial proteins as NADH dehydrogenase (ubiquinone) 1 β subcomplex 8 (NDUFB8), ubiquinol-cytochrome C reductase core protein I (UQCRC1), ubiquinol-cytochrome C reductase core protein II (UQCRC2), and cytochrome c oxidase II (COX-II) was elevated. Other proteins, for example succinate dehydrogenase complex subunit B iron sulfur protein (SDHB) and cytochrome C (CYC), remained largely unchanged in their expression. These findings suggest that EV71 infection induces mitochondrial proliferation and changes in expression of mitochondrial proteins.

![Mitochondrial mass increases and expression of mitochondrial proteins changes in response to EV71 infection.\
(A) SF268 cells were mock- (−) or infected (+) with EV71 at an m.o.i. of 1.25 for 48 hr, and were subject to Mitotracker dye staining and flow cytometric analysis as described in *Materials and Methods*. The MFI of the stained cells is expressed relative to that of control cells. Results are mean ± SD, n = 3. \*p\<0.05 vs. uninfected cells. (B & C) Cells were un- or infected under the similar condition, and mitochondria were isolated for SDS-PAGE electrophoresis and silver staining (B). In the silver-stained gel, the leftmost lane corresponds to protein markers with respective molecular weights indicated alongside the bands. (C) Cells similarly infected were harvested for western blotting with indicated antibodies. A representative experiment out of three is shown here.](pone.0113234.g007){#pone-0113234-g007}

Mitochondrial dysfunction is associated with anomalous metabolism of adenine nucleotides {#s3f}
----------------------------------------------------------------------------------------

It is possible that mitochondrial dysfunction affects ATP supply. We measured the levels of ATP, ADP and AMP in control and infected cells. As shown in [Figure 8](#pone-0113234-g008){ref-type="fig"}, intracellular level of ATP was reduced by about 60% in infected cells, while those of ADP and AMP remained largely unchanged. Total adenine nucleotides decreased in infected cells. The energy charge () of control and infected cells were 0.94 and 0.87, respectively. These findings suggest that EV71 infection results in lower energy status of infected cells.

![Levels of ATP, ADP and AMP in EV71-infected cells.\
SF268 cells were mock- (*Con*) or infected (*Infected*) with EV71 at an m.o.i. of 1.25 for 48 hr, and were harvested for UPLC-based analyses of ATP, ADP and AMP. These adenine nucleotides are normalized to cellular protein content. Levels of ATP, ADP and AMP (A) and total adenine nucleotides (B) are shown. Results are mean ± SD, n = 3. \*p\<0.05 vs. uninfected cells.](pone.0113234.g008){#pone-0113234-g008}

Mitochondrial ROS generation is essential to EV71 replication {#s3g}
-------------------------------------------------------------

We have previously shown that ROS are conducive to viral replication. It is possible that mitochondrion-generated ROS act as signal to initiate molecular events associated with EV71 replication. We treated control and uninfected cells with mitochondrion-specific antioxidant mito-TEMPO, and studied its consequences on EV71 infection. To determine the optimal mito-TEMPO concentration for experiments, we treated control and EV71-infected cells with increasing concentrations of mito-TEMPO, and studied its effect on ROS generation. Mito-TEMPO reduced EV71-induced mitochondrial ROS generation in a dose-dependent manner ([Figure 9A](#pone-0113234-g009){ref-type="fig"}). At 200 µM, mito-TEMPO completely suppressed mitochondrial ROS production in infected cells. This concentration was used in subsequent experiments. It is known that phosphorylation of eIF2α signifies the initiation of viral protein synthesis during enteroviral infection [@pone.0113234-Jheng1], [@pone.0113234-Hanson1]. We treated control and EV71-infected cells with 200 µM mito-TEMPO, and examined the effect of mito-TEMPO on eIF2α phosphorylation. As shown in [Figure 9B](#pone-0113234-g009){ref-type="fig"}, the level of eIF2α phosphorylation increased significantly in infected cells. Treatment with mito-TEMPO reduced both basal and EV71-induced eIF2α phosphorylation. It was associated with significant reduction in expression of viral 3D protein and viral replication ([Figures 9B & C](#pone-0113234-g009){ref-type="fig"}). At 48 hr p.i., the copy number of viral genome in cells treated with mito-TEMPO was about 80% lower than that of untreated cells ([Figure 9C](#pone-0113234-g009){ref-type="fig"}). These findings suggest that mitochondrial ROS are essential to EV71 replication.

![Mitochondrial ROS are essential to EV71 replication.\
(A) SF268 cells were mock- (−) or infected (+) with EV71 at an m.o.i. of 1.25, and treated without (*Con*) or with indicated concentrations of Mito-TEMPO. Forty-eight hours later, cells were subject to MitoSOX Red staining and flow cytometric analysis. The mean fluorescence intensity (MFI) of MitoSOX of mock- and infected cells is expressed as the percentage of that of uninfected cells. The results are presented as mean ± SD, n = 3. \*p\<0.05 vs. infected Con group. (B) SF268 cells were mock- or infected with EV71 at an m.o.i. of 1.25, and treated without or with 200 µM of Mito-TEMPO. Forty-eight hours later, cells were harvested for western blotting with antibodies to phosphorylated eIF2α and total eIF2α, viral protein 3D, and actin. A representative experiment out of three is shown here. (C) SF268 cells were mock- (−) or infected (+) with EV71 at an m.o.i. of 1.25, and treated without (*Con*) or with 200 µM of Mito-TEMPO. Forty-eight hours later, cells were analyzed for levels of EV71 genomic RNA. The results are presented as means ± SD n = 3. \*p\<0.05 vs. infected Con group.](pone.0113234.g009){#pone-0113234-g009}

Discussion {#s4}
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In the present study, we demonstrate that EV71 induces mitochondrial dysfunction and ROS generation, which acts to promote replication. There appears to be increases in mitochondrial mass, which probably represents a mechanism to compensate for mitochondrial defects.

EV71 induces generation of ROS, which in turn promotes viral replication [@pone.0113234-Ho2]. The co-localization of fluorescence signals of Mitotracker Red and DCF as well as the increase in fluorescence of MitoSox Red in infected cells suggest that ROS generated in EV71-infected cells are of mitochondrial origin. Previous study has shown that EV71 activates Rac1-dependent NADPH oxidase [@pone.0113234-Tung1]. The findings that treatment of infected cells with rotenone and antimycin A but not with apocyanin inhibited ROS generation are suggestive of ROS generation through inadvertent reaction between electron passing down electron transport chain and oxygen. Moreover, ROS appear to be generated at a point of electron transport chain downstream of complex III. For instance, cytochrome C can transfer electron directly to p66^Shc^, a redox enzyme, to generate ROS [@pone.0113234-Giorgio1]. The heme center of cytochrome C may also act to enhance ROS production [@pone.0113234-Akopova1].

The mechanism for EV71-induced ROS production is currently enigmatic. A number of viral proteins interact with mitochondria or their proteins, and causes mitochondrial dysfunction and ROS generation. For example, hepatitis B virus X protein (HBx) interacts with mitochondrial heat shock protein 60 and 70, and VDAC3 [@pone.0113234-Rahmani1], [@pone.0113234-Zhang1], and promotes oxidative stress [@pone.0113234-Anand1]. HCV core protein binds to mitochondria and increases oxidative stress [@pone.0113234-Koike1]--[@pone.0113234-Schwer1]. Influenza A virus PB1-F2 protein targets to mitochondria and induces their anomalies [@pone.0113234-Gibbs1], [@pone.0113234-Yamada1]. Our preliminary results have recently shown that EV71 proteins associate with mitochondria and elicit oxidative stress.

The functional significance of ROS in EV71 remains unclear. It is undisputable that ROS generation has functional consequence on viral infection. Rabies virus can induce oxidative stress in dorsal root ganglion neurons, which diminishes axonal growth [@pone.0113234-Jackson1]. Oxidative stress also promotes S-glutathionylation of cellular proteins, which regulates activities of various cellular proteins [@pone.0113234-Grek1]. It has been shown that de-glutathionylation of interferon regulatory factor 3 is required for its efficient interaction with CBP and transactivation of interferon genes [@pone.0113234-Prinarakis1]. Treatment with mito-TEMPO that reduces mitochondrial ROS generation inhibits eIF2α phosphorylation, a hallmark event in EV71 infection. It is probable that ROS play a regulatory role in EV71 infection.

Mitochondria play a prominent role in energy metabolism. Electron transport through respiratory complexes and the resulting proton motive force are critical to oxidative phosphorylation. Virus-induced mitochondrial dysfunction is not specific for EV71 and can be observed for other viruses. In most cases, viral infection induces mitochondrial dysfunction, and reduction in proton motive force and cellular ATP content. Hepatitis C virus (HCV)-infected cells show mitochondrial dysfunction and decrease in ΔΨ~m~ [@pone.0113234-Quarato1]. Infection of mouse neural cells with Sindbis virus causes mitochondrial dysfunction [@pone.0113234-SilvadaCosta1]. The lowered mitochondrial respiratory efficiency of EV71-infected cells is consistent with change in cristae. It has been recently shown that cristae shape affects the interaction between respiratory complexes and the respiratory efficiency [@pone.0113234-Cogliati1]. Decrease in RCR is accompanied by decrease in ΔΨ~m~. A drop in ΔΨ~m~ causes a deficit in oxidative phosphorylation, which is indicated by decreases in energy charge and ATP/ADP ratio. Moreover, it has been recently shown that dissipation of proton motive force leads to defective MAVS signaling and hence crippled antiviral defense [@pone.0113234-Koshiba1], [@pone.0113234-Sasaki1].

The subcellular distribution of mitochondria in EV71-infected cells changes after infection. After infection, the mitochondria are converted from the interconnecting tubular form to short ovoid form, and are clustered near nuclei. Perinuclear clustering of mitochondria has also been observed for HBV and HCV [@pone.0113234-Kim1], [@pone.0113234-NomuraTakigawa1]. It is reasoned that re-distribution of mitochondria in infected cells serves the purpose either to meet the energy requirement of viral infection process or to cordon off mitochondria to prevent pro-apoptotic mediators.

Energy is needed for synthesis of viral protein and nucleic acid. Changes in metabolism in host cells have been implicated in viral pathogenesis [@pone.0113234-ElBacha1]. The depletion of ATP during EV71 infection is attributed to its direct incorporation into newly synthesized viral genome, or to its involvement in energy-requiring processes. Decrease in RCR has much impact on cellular metabolism. To ensure the continual ATP supply to support viral replication process, the infected cells may put a strain on "shop-worn" but still working mitochondria for energy production, and may activate glycolytic pathway to meet such need. Our preliminary results have recently shown that glycolytic pathway may be enhanced in EV71-infected cells. The decrease in respiratory efficiency of mitochondria, together with the low ATP-generating efficiency of glycolysis, results in reduction in energy charge. Moreover, mitochondria are involved in biosynthesis of such biomolecules as lipids. Picornaviral replication machinery is assembled on membrane, which is probably derived from endoplasmic reticulum [@pone.0113234-Miller1]. Such process depends on significant alteration of membrane lipids. Alteration of mitochondria during infection may shift the lipid metabolic reactions, such as phosphatidylserine decarboxylation, cytochrome P450-dependent steroid metabolism or acetyl-CoA/citrate metabolism, to fulfill the metabolic need associated with viral replication. It has been recently shown that poliovirus induces long chain acyl-CoA synthetase 3 activity [@pone.0113234-Nchoutmboube1], the mitochondrial outer membrane protein that regulates fatty acid import for formation of replication complex. It is envisaged that impaired mitochondria are functionally altered to sustain viral replication.

As mentioned in preceding paragraphs, functional alterations of mitochondria may play vital roles during EV71 infection. Mitochondria undergo adaptive changes to compensate for their reduced respiratory efficiency and diminished functions. A non-exclusive view is that different pools of mitochondria exist [@pone.0113234-Parekh1], [@pone.0113234-Hollander1]. Some mitochondria may experience different extent of dysfunctional change. The damaged but still-functional mitochondria may undergo biogenesis and make up for the deficit in mitochondrial functions. The increases in mitochondrial mass may represent such adaptive response. It is not unprecedented that virus induces mitochondrial biogenesis. For instance, human cytomegalovirus infection causes biogenesis of mitochondria [@pone.0113234-Kaarbo1]. Accumulation of mitochondria in the vicinity of viral assembly factories in African swine fever virus-infected cells is accompanied by *de novo* synthesis of mitochondria mass [@pone.0113234-Rojo1]. Increased mitochondrial mass in EV71-infected cells is accompanied by differential increases in levels of mitochondrial proteins. Mitochondrial proteins, such as COX-II, are specifically elevated. Increase in level of COX-II is consistent with increase in its transcription [@pone.0113234-Shih1]. Interestingly, levels of mitochondrial proteins are differentially changed during infection. It is speculative whether such differential changes in protein expression contribute to mitochondrial respiratory functions. It has been recently suggested that the respiratory chain complexes are not arranged simply in a linear order of enzymatic complexes. These complexes display different activities toward one another [@pone.0113234-Claus1]. Subunits of respiratory complexes differ in their correlation between protein expression and enzymatic activity [@pone.0113234-Rossignol1]. It is exemplified by the 8 kDa subunit of complex I, for which one-thirds of protein level correlates with 70% of complex I activity. It follows that differential increases in mitochondrial proteins can contribute to maintenance of respiratory functions.

Previous studies have shown that EV71 infection elicits apoptosis in SF268 cells [@pone.0113234-Chang1]. Conspicuous apoptosis is detected at 72 hr post-infection. However, apoptosis is atypical in the sense that Bid is not cleaved in EV71-infected SF268 cells. tBid, the cleavage product of Bid, is involved in permeabilization of mitochondrial outer membrane [@pone.0113234-Korytowski1]. It is currently unknown whether mitochondrial membrane permeabilization is involved in EV71-induced death of SF268 cells. It is likely that mitochondria in these cells differ in some ways from those of infected non-neural cells, which exhibit typical apoptosis. Moreover, our studies focus on the early or mid-phase of infection. It is conceivable that mitochondria can undergo biogenesis in SF268 cells at early or mid-phase of infection, whilst they experience destructive changes during the late phase of infection.

Vesicular structures in picornavirus-infected cells represent the site of replication. These membranous structures are thought to be derived from endoplasmic reticulum (ER). Synthesis of picornaviral protein can activate ER stress response. It has been recently shown that EV71 induces ER stress response and causes eIF2α phosphorylation through activation of PKR and PERK [@pone.0113234-Jheng1]. Phosphorylation of eIF2α suppresses cap-dependent translation, causing a shift in translation to that of internal ribosome-entry site (IRES)-containing cellular mRNA and enteroviral RNA [@pone.0113234-Harding1]. Interestingly, ROS are implicated in activation of PKR and PERK [@pone.0113234-Liu1]--[@pone.0113234-Ito1], raising the possibility that mitochondrial ROS may play signaling role in the process.

Antioxidants may be used as therapeutic intervention of enteroviral infection. We have previously shown that *N*-acetylcysteine and epigallocatechin gallate can suppress EV71 replication [@pone.0113234-Ho2], [@pone.0113234-Ho3]. The antiviral activities of epigallocatechin gallate and related compounds correlate with their antioxidative activities. The fact that mito-TEMPO has antiviral effect pinpoints mitochondrial ROS as target for therapeutic intervention.

Taken together, EV71 causes alterations in mitochondria to induce ROS generation. The mitochondrial ROS are essential to viral replication. The "dysfunction" of mitochondria, such as decline in respiratory functions, may represent virus-induced functional alterations, which are optimized for viral replication. Mitochondria may undergo adaptive or compensatory increase in mitochondrial mass to serve such purpose.
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